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1 Incroduction

As described in the original proposal, our goal in this work was the attainment of an exper-
imental diagnostic technique suitable for gas flows of densitics intermediate between atmo-
spheric (N210' cm™3) and rarefied (V<10'" cm™2). Measurements in such ‘intermediate-
density’ flows, typical of hypersonic flight at altitudes above about 50 km, present difficulties
in that traditional wind-tunnel techniques (shadow and schlieren, as well as laser-based scat-
tering techniques) provide insufficient signal. Moreover, the resonant scattering techniques
may require an absorptive species as a tracer to be seeded into the flow, a requirement in-
consistent with the realities of existing Iarge facilities. On the other hand, the densities are
not low enough for continuons clectren Loz Quorescence (EBY) to be used due to beam
spreading and collisional quenching (descrlbed below).

EBF has been accepted for many years as the best available tool for investigating rarefied
flows.1+2 In EBF, a continuous beam of energetic (E ~- 15-40 keV) electrons passes through
the flow, exciting the molecules, which emit fluorescence whose intensity and spectral prop-
erties provide information concerning the density and energy distribution, respectively, of
molecules in the flow. The fluorescence may be imaged from a small region along the beam.
providing effectively a point measurement, or from the length of the beam, providing a one-
dimensional visualization along the line of the beam~ The beam may be scanned across the
flow using a magnetic field, providing two-dimensional visualization; this has been used in
at least one case to investigate low-density supersonic mixing.

At densities higher than about 10'7 cm™3, the beam begins to suffer significant spreading
due to interaction with the gas. Moreover, molecules excited by the beam are collisicnally
deexcited without radiation at a rate proportional to the gas density; when this rate becomes
large compared to the fluorescence rate, the EBF signal loses its dependence on density.

EBF in rarefied flows is not a time-resolved technique. In such flows, however, turbulence
is not generally an issue, sc this is not a problem. On the other hand, the intermediate-
density hypersonic regime presents a requirement for submicrosecond time resolution.

We proposed to overcome the above limitations using a laser-assisted EBF technique
which we called electron-photon fluorescence or EPF. This involved using pulsed laser-
induced fluorescence to probe the excited ions generated by an electron beam. The signal
generated by such a probe is time-resolved to 50 ns or less. In the regime where the ordinary
EBI signal is quenched, the time average of the EPF signal is also quenched, but the peak
is fully density-dependent. This is discussed in detail in ref. [3].

After the work began, we became aware of a technique4 for generating intense (7/>100
A) pulsed electron beams using a triggered pseudospark discharge. Using the pulsed beam,
the peak of the time-dependent pulsed EBF signal (PEBF) is again quench-free just as is
that of EPF. However, the apparatus is much simpler, requiring no laser. Moreover, the
amount of light generated by the high-current pulsed beam could be expected to be very
large. allowing single-pulse visualization of (for example) mixing dynamics.

In the following sections, the experimental work is described in detail. In addition. we
describe our theoretical work to predict the time dependence of the excitation/deexcitation

processes.
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Figure 1: Setup of the electron-photon fluorescence experiment.

2 Experimental Work

2.1 Electron-Photon Fluorescence

As one of the alternative modes for EPF, C-W operation is of interest to investigate. We
had available appropriate electron beam equipment (Brad Thomson electron beam welder)
that could easily produce a 20 to 30 ma, 1-2 mm diameter beam in a high-density nitrogen
flow. The nitrogen flow was created in the USC low density wind tunnel using a free-jet
expansion through a 5-mm-diameter orifice. The low density wind tunnel is a cryogenically
pumped facility that is capable of maintaining 3 x 10~* torr with a mean flow of 0.3 gm/sec.
Thus, at positions within a few orifice diameters of the orifice, the nitrogen number density
could be maintained at around 10'® cm™3. The low corresponding pumping pressure in the
facility allowed easy injection of the electron beam into the high-density flow.

The experimental setup is illustrated in fig. 1. the laser beam was introduced through
the plenum exiting the sonic orifice along the gas flow axis. This beam was focused using a
1000-cm-focal-length lens to a point approximately two exit diameters downstream along the
flow axis. The electron beam was injected perpendicular to the flow axis and passed through
the laser beam focal volume, creating a mutual scattering volume. Light produced from the
interaction of the laser and electron beam with the flowing nitrogen molecules within this
scattering volume was collected at 90° to the scattering plane formed by the crossed electron
and laser beams by a system of lenses. This light was then focused onto the entrance slit of
a 0.53-m Spex Industries Model 1870 spectrometer. The radiation was detected using a RCA
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C31034A photomultiplier tube. whose signal was processed using a Stanford Research gated
integrator system. A Stanford Research pulse generator was used to control both the laser
firing sequence and detector system.

In order to create an induced fluorescence signal in the (0.0) band of the first negative
system of NI whose bandhead is at 3914.4 A, it is necessary to produce a pump beam at this
wavelength. The Nd:YAG laser which was available for use in this experiment is a Quanta-
Ray DCR-1, supplied by the Air Force Phillips Laboratory, Rocket Propulsion Directorate.
In order tu produce the necessary puinp wavelength with this laser, a frequency-tripling crys-
tal was required to convert the primary 1.06 um beam to 355 A. This beam was then used to
pump a dye laser (Quanta-Ray PDL-1, also supplied by the Phillips Laboratory) circulating
an Exalite 389 dye with a p-dioxane solvent that could be tuned to the 3914.4 A Landhead.
The process used to produce the desired pump laser wavelength from a Nd:YAG laser is very
inefficient, and the energy level of the pump beam was marginal at best. This, coupled with
the inefficiency of the detection optics, made detection of the induced fluorescence signal
very difficult. While a very weak signal was consistently detected during the experiments.
the pulse-to-pulse variations of the laser energy made the detected signal marginal and no
conclusive demonstration was possible. A second attempt was made by using the frequency-
tripled Nd:YAG beam to pump a Stilbene 420 dye with a methanol solvent to produce a
beam at the 4278.1 A bandhead of the (0,1) band of the N first negative system. Again.
after repeated experiments, it was found that a satisfactory demonstration could not be
obtained using such a low-energy pump source with such high pulse-to-pulse variation.

A repeat of the experiment is planned. The electron beam and flow aspects of the
experiment worked reliably and well. The LIF prospects are much improved, as we have
recently obtained a Lambda Physik excimer-pumped dye laser system. This will allow strong
pumping of the 3914.4 A bandhead of the (0,0) N7 system as originally planned.

2.2 Pulsed Electron-Beam Fluorescence

As mentioned above, PEBF is based on the ability of the pseudospark switch to generate
high-current electron beams.® These beams have general characteristics as follows: electron
energy 15 kV or higher; current of order 100-1000 kA; pulse length of order 10 ns; diameter
around 1 mm. A schematic of an experiment employing PEBF as a diagnostic is given in fig.
2. The setup shown is identical to that normally seen in the use of EBF": the electron beam is
passed through the flowfield and collected with a Faraday cup, while the fluorescence induced
by inelastic electron-molecule collisions is collected and analyzed. Available information
includes species density, temperature and velocity distribution function.?:7+3
Motivation for use of PEBF lies in the following:

e Significant ionization takes place in the beam path, leading to beam self-focusing and
hence collimation even at quite high densities.

e The beam causes excitation which is collisionally quenched at high densities. This leads
to a Stern-Vollmer-like form! for the emitted radiation integrated over one or more
pulses, and the integrated signal loses its dependence on density as in EBF. However.
the rapidity of onset of the beam current means that the peak intensity measured
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Figure 2: Schematic of pulsed electron-beam fluorescence experiment.

during a pulse retains full density dependence even when the signal is dominated by
collisional quenching.

e The excitation is not species- or state-dependent. While this is a partial disadvan-
tage compared to LIF in that individual states cannot be selectively probed, several
advantages accrue:

— Electron excitation acts on the majority components of the flow, so that there
need not be an optically absorptive seed gas.

— Radiation from different species contains different spectral lines, so that mix-
ing flowfields may be instantaneously visualized without need of tuning a laser
through several absorptions.

— The optical signal is orders of magnitude stronger than in either LIF or EBF.

Fig. 3 shows a schematic of the pulsed electron gun, which takes the form of a high-voltage
gas switch of pseudospark geomet;ry.5 The pseudospark chamber consists of two disc-shaped
molybdenum electrodes which have on-axis holes approximately 3mm in diameter. These
electrodes are kept at a constant separation of about 5mm. The electrodes are supported by
cups in order to disallow any short-path surface breakdowns when the switch holds voltage.
A tungsten wire in the cathode backspace provides the trigger electrode.

The gun is the discharge point of a high-power charging circuit, shown in fig. 4. A dc
power supply charges a bank of doorknob capacitors through a 10MQ air-cooled charging

4
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Figure 5: Vacuum and differential pumping setup.

resistor. The negative side of the charging network attaches to the cathode, while the anode
is grounded.

With the pseudospark chamber maintained at less than 200 microns of helium, the appa-
ratus is on the reverse side of the Paschen curve, so the breakdown strength is in excess of 30
kV. Breakdown is initiated by a positive pulse of about 2 kV (relative to cathrde potential)
applied to the trigger electrode. The trigger pulse is initiated by firing an SCR, which dumps
600 V from a small capacitor bank into the primary of the steprp pulse ¢1an-forn or chown

The switch discharges along the long path through the electrode holes. Electrons emitted
from the rear face of the cathode cause a cascade discharge which passes through the central
apertures. At the point of breakdown, runaway electrons at close to the breakdown energy are
accelerated past the anode and continue ballistically into the flowfield test chamber, providing
the diagnostic beamn current. This process causes the switch to commute in a roughly
10-ns period, as the gas between the electrodes is brought to nearly full ionization. The
capacitor energy is sunk into a 1€) load resistor over a period of several hundred nanoseconds;
during this period, the switch voltage drops to the cathode fall voltage (~ 100 V) and no
further high-energy electrons are generated. However, a large current of low-energy (~200
V) electrons is generated during the main discharge period.

Extraction of electrons from the gun into the tank or test chamber, which is generally at
higher pressure, requires differential pumping at the interface to take place. This is shown
in fig. 5. In order to isolate the effect of tank pressure and gas composition from electron
gun operati~n, a section is maintaincd at vacuumm vetween the gun and the tank by a 9-inch
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visualization along a line through the gas an easy matter. Color photographs taken in static
gases of helium, argon and nitrogen show distinctly different hues, which should allow rapid
mixing processes to be directly photographed.

The electron gun has demonstrated its ability to generate a reliable, triggered clectron
beam. At present our instrumentation capability does not allow instantaneous total heam
current measurements, but based on peak switch current and on the amount of light gener-
ated, we believe the beam current to be 500 to 1000 amps peak. This is consistent with the
observations of Benker et al..5

The pulsed electron beam produced by the pseudospark switch appears to be a promis-
ing tool for flow diagnostics. The device is capable of reliably producing an electron beam
of nanosecond duration with kiloamp-range peak current. Furthermore, the beam is well
collimated and propagates without spreading over a wide range of pressures, and can be
triggered on demand. However, good performance is contingent on precise control of elec-
trode alignment and chamber pressure, and on elimination of all surface and gas impurities.

Preliminary data indicate that the device can be used as a point-density probe under
conditions where standard continuous-beam electron fluorescence techniques fail due to col-
lisional quenching. The upper limit for such density measurement is at present unknown,
but is expected to bé roughly 0.1-1 atmosphere. '

In"addition, the pulsed electron beam shows great promise as a device for direct flow
visualization. The fact that the beam produces clearly visible and easily photographed
fluorescence over a wide range of densities, along with the extremely short time scale involved,
indicates that the device can be used as a sort of flashlamp to light up a flowfield in a way
unmatched by existing techniques. It should be noted that the signal level is sufficient that
the signal should be easily measurable even in high-temperature self-luminous flows. This
holds promise for the study of, for example, thruster plumes.

Work is continuing towards the following practical diagnostic goals:

1. Demonstration of visualization of two-component mixing flows;

2. Determination of the upper bound of density that can be sensitively probed using
PEBF;

3. Investigation of magnetlc beam spreading/deflection techniques for two-dxmensxonal
visualization;

4. Application of PEBF to determination of species density profiles in electrothermal
thruster plumes.

In addition, we are working on a compact, gas-triggered version of the switch for use in ﬁlght
testing,
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Figure 7: Energy levels of the NJ first negative system considered in the rate-equation model.

-3 Theoretical Understanding of Pulsed Beam Diagnostics

Our concern in this part of the work is the understanding of the production of radiation
from a gas excited by a time-dependent electron beam. To this end, we have chosen the N7
first negative system as a representative case of most general use.

- An approximate solution of the time-dependent, zero-spatial-dimension equations for a

~ constant beam turned on at ¢ = 0 is given in ref. [3].- A more detailed solution of the several

rate equations will now be briefly described.

We consider the four electronic energy levels of No shown in fig. 7, the ground state of
Ny and the lowest three electronic levels of the ion Nj. The processes which connect the
levels are electron impact ionization, photoionization, electron excitation, photoexcitation,
and inverse processes (three-body and radiative recombination). Vibrational sublevels are -
considered individually. The cross sections for the processes considered are those used in ref.
[1].

I'ig. 8 presents a representative result of this model. The conditions assumed are the
following: nitrogen gas initially in thermal equilibrium at 300 K, with density 10'7 cm™3,
irradiated with a pulsed beam of 40-keV electrons, of current density 20 mA/cm?, lasting
10 ns. Shown are the radiative intensities of the (0,0), (0,1), (1,0), (1,1), and (2,2) vibronic
transitions of the NF first negative system following the pulsed beam (for times ¢ > 10 ns).
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4 Conclusions

The electron-photon fluorescence technique still appears to be an attractive prospect for
attaining quench-free diagnostics of intermediate-density supersonic and hypersonic flows.
In addition, high-current pulsed electron beam diagnostics, a possibility unforeseen at the
time of proposal, holds great promise for a simple, high-signal technique for visualization
and point measurement in flows of near-atmospheric density. Further work on both these
techniques is in process.
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